The human amygdala has classically been viewed as a brain structure primarily related to emotions and dissociated from higher cognition. We report here findings suggesting that the human amygdala also has a role in supporting working memory (WM), a canonical higher cognitive function. In a first functional magnetic resonance imaging (fMRI) study (n ϭ 53), individual differences in amygdala activity predicted behavioral performance in a 3-back WM task. Specifically, higher event-related amygdala amplitude predicted faster response time (RT; r ϭ Ϫ0.64), with no loss of accuracy. This relationship was not contingent on mood state, task content, or personality variables. In a second fMRI study (n ϭ 21), we replicated the key finding (r ϭ Ϫ0.47) and further showed that the correlation between the amygdala and faster RT was specific to a high working memory load condition (3-back) compared with a low working memory load condition (1-back). These results support models of amygdala function that can account for its involvement not only in emotion but also higher cognition.
Introduction
The amygdala is unambiguously a core part of the emotional brain (LeDoux, 1996; Morris et al., 1996; Damasio et al., 2000; Vuilleumier et al., 2001; Pessoa et al., 2002a; Zald, 2003; Whalen et al., 2004) . The wealth of data supporting the link between the amygdala and emotional functions is such that the human amygdala is often used to illustrate the segregation of emotion and higher cognition within the brain (Phelps, 2005) . However, indirect evidence hints that the human amygdala could also be involved in higher cognitive functions such as working memory (WM) and executive control.
It is known from animal research that the amygdala has a general role in attention and vigilance processes beyond its emotional functions (Kapp et al., 1992; Holland and Gallagher, 1999; Davis and Whalen, 2001; Sander et al., 2003; Holland and Gallagher, 2006) . Specifically, it has been suggested that one of the functions of the amygdala was to increase vigilance levels to specific categories of stimuli to facilitate the adaptation to goalrelevant situations. (Whalen, 1998; Davis and Whalen, 2001) . Regarding more specific links with WM, there is some evidence that the amygdala can contribute to performance in WM tasks in rats (Peinado-Manzano, 1990; McIntyre et al., 2003) . In humans, the only evidence for a relationship between WM and the amygdalae is scarce and indirect, consisting of two studies investigating the role of dopamine (DA) in WM. A microdialysis study in human epileptic patients found that extracellular levels of DA increased in the amygdala during the performance of a WM task compared with a reading task (Fried et al., 2001 ). Importantly, the task did not have any overt emotional component that differentiated it from the control task. This result is consistent with a positron emission tomography study on human subjects showing an increased DA release in medial temporal areas during a WM task compared with a letter discrimination task (Aalto et al., 2005) . However, these studies did not show a relationship between amygdala activity and WM behavioral performance, which allows the interpretation that DA release in the amygdala might have been caused by heightened levels of stress during a difficult WM task compared with an easier control task.
We report here two functional magnetic resonance imaging (fMRI) studies that, to our knowledge, are the first to show a significant relationship between individual differences in human amygdala activity and WM performance. In both experiments, subjects were scanned as they performed variations of the n-back working memory task. In the first study, we observed a strong relationship between individual differences in event-related amygdala activity and 3-back response time (RT). We followed up this finding with a number of post hoc analyses showing that the results held even when eliminating or controlling for a number of variables that could potentially provide an affective source for the amygdala-performance relationship. In the second study, we first sought to replicate the key result. We also manipulated WM load to assess whether amygdala activity was related to performance under a high working memory load condition specifically.
Materials and Methods

Experiment 1
The primary goal of experiment 1 was to identify brain regions that showed significant correlations with individual differences in 3-back task performance (response speed) using a whole-brain voxelwise correlational analysis. We observed a strong relationship in the amygdala, which prompted a more focused set of follow-up analyses. In these follow-up analyses, we used an anatomical region of interest (ROI) approach to determine whether the relationship between the amygdala and behavioral performance was influenced by mood, task content, or personality differences. We used an individual-differences approach in part to provide a fine-grained measure of brain-behavior relationships and in part to allow us to control statistically for individual differences in affective responses and dispositions (Kosslyn et al., 2002) .
Subjects
Participants were healthy, right-handed, native English speakers (n ϭ 60; 29 males; age range, 18 -37 years) from Washington University and the surrounding community screened for no history of neurological disorder, current psychoactive medication, or factors contraindicating fMRI. All participants gave written informed consent. The experiment was approved by the Washington University Medical Center Human Subjects Committee. Seven participants had fMRI datasets that were compromised by excessive head movement, technical problems, or too few trials for estimating event-related responses, leaving n ϭ 53. Analyses of this dataset have been published previously, addressing different questions, with none focused on the amygdala (Gray et al., 2003 (Gray et al., , 2005 .
Experimental tasks
The 3-back task was administered using PsyScope (Cohen et al., 1993 ) on a Macintosh G3 (Apple Computer, Cupertino, CA). Participants performed a standard version of a task that has been used in many previous studies of working memory, the 3-back task (Fig. 1) . Stimuli (either words or faces) were displayed sequentially on a screen. Participants were instructed to respond with their right index finger if the current stimulus matched the stimulus presented three trials back (target response), and with their right middle finger if the current stimulus was different (nontarget response). For each subject, performance was assessed as the median reaction time (RT) of correct responses. For a given scanning run, stimuli were either all faces (unfamiliar, attractive males and females intermixed, either neutral or smiling) or all words (concrete English nouns with neutral content, e.g., rooster, elbow, steel, fence, ball, tooth). These stimuli were used in a previous study (Gray et al., 2002) . Stimuli were shown one per trial for 2.0 s, with a fixation point (cross-hair) shown between stimuli. Each scanning run had four unanalyzed trials, followed by four blocks of 21 task trials (16 task stimuli with five crosshair fixation trials randomly interspersed to introduce temporal jitter) and 23.6 s (10 trials) of resting fixation (a dash), for a total of 128 trials per scanning run (2.36 s per trial). Just before each scanning run, participants watched one of six 7 min videos, two of which were emotionally neutral and four of which were emotionally evocative (order counterbalanced).
The emotional films were either positively or negatively valenced (Gray, 2001 (Gray, , 2002 . After each scanning run, subjects were asked to rate how they felt using the five-point Profile of Mood States (POMS) scales (McNair et al., 1971) for each of the following adjectives: amused, calm, fatigued, gloomy, energetic, and anxious. Before the scanning sessions, participants were asked to fill in a series of questionnaires and tests, including the behavioral inhibition system-behavioral activation system (BIS-BAS) scales (Carver and White, 1994) and the revised Eysenck Personality Questionnaire (Eysenck and Eysenck, 1975) . In addition, participants completed the Raven's Advanced Progressive Matrices (Raven et al., 1998) , following the method described in a previous article (Gray et al., 2003) .
fMRI scanning
Whole-brain images were acquired on a 1.5 Tesla Vision System (Siemens, Erlangen, Germany). Structural images were acquired using an MP-RAGE (magnetization-prepared rapid-acquisition gradient-echo) T1-weighted sequence. Functional images were acquired using an asymmetric spin-echo echo-planar sequence sensitive to blood oxygen leveldependent (BOLD) magnetic susceptibility [repetition time (TR), 2360 ms; echo time (TE), 50 ms; flip angle, 90°]. Each scanning run gave 128 sets of brain volumes (16 contiguous, 8-mm-thick axial images, 3.75 ϫ 3.75 mm in-plane resolution). After movement and artifact correction, functional images were normalized within each scanning run and temporally aligned within each brain volume. Functional images were resampled into 3 mm isotropic voxels, transformed into atlas space (Talairach and Tournoux, 1988) and smoothed with a Gaussian filter (9 mm full-width half-maximum) before statistical analysis. Although a 9 mm filter can be considered adequate to detect amygdalar activations (Zald, 2003) , we also analyzed and reported results obtained without spatial smoothing, to ensure that active voxels were localized in the amygdala proper within a 3 mm range.
Data analysis
A general linear model (GLM) approach (Friston et al., 1995) was used to estimate event-related and sustained neural activity (Visscher et al., 2003) . Event-related effects were analyzed by estimating values for the time points within the hemodynamic response epoch, taken to have a 17 s duration (7 scan frames). Additionally, sustained regressors coded the task blocks relative to blocks of fixation (Visscher et al., 2003) . Two nuisance variables for each BOLD run were also included: a baseline and linear trend.
Correlational analysis: amygdala and task performance. We first conducted a whole-brain voxelwise search for voxels whose amplitude was negatively correlated with RT, with all experimental conditions collapsed in a single 3-back condition (i.e., activity was estimated ignoring distinctions among mood and stimulus conditions, all trials were considered to belong to a generic 3-back task condition). The amplitude of eventrelated activity was defined as the difference between the peak and the onset of the hemodynamic response, calculated for all voxels, each condition and each subject, based on psychophysiological signal analysis principles (Stern et al., 2001) . First, a voxel-level threshold of p Ͻ 0.0001 (uncorrected) combined with a cluster-size threshold of at least nine voxels (which results in a cluster-level p Ͻ 0.05 threshold) (McAvoy et al., 2001) was applied. Next, we conducted the same analysis with a threshold of p Ͻ 0.001 (uncorrected) for exploratory purposes. To address potential localization issues caused by spatial smoothing, a complementary analysis was performed without spatial smoothing, in which we looked for voxels correlated with RT within the region of the amygdala proper (defined below) using a threshold of p Ͻ 0.001 (uncorrected). We also performed analyses looking for correlations between the amygdala and accuracy measures (dЈ and false alarm rate). We found significant results in experiment 1 showing that increased amygdala activity was related to a lower false alarm rate and a higher dЈ, thus consistent with the results obtained with RT. However, as these results were not replicated in experiment 2, we decided not to consider them further. The absence of speedaccuracy trade-off and significant correlations between RT and accuracy (see Results) ascertained that RT could be considered as a reliable measure of task performance. Schematic diagram of an n-back task. Stimuli are displayed sequentially on a screen and subjects are instructed to decide through a button press whether the current stimulus is equal or different from the stimulus displayed n trials back. In this example, n ϭ 3.
Hierarchical regression analyses. Two sets of hierarchical regression analyses were conducted to examine the anatomical specificity of the results obtained through the voxelwise analysis. First, we examined whether the amygdala-RT relationships observed through the voxelwise analysis were not attributable to a global whole-brain correlation with RT. Specifically, we selected all the amygdala voxels that were revealed to be correlated with RT in the voxelwise analysis using a threshold of p Ͻ 0.001 and created a region of interest (separately for left and right amygdala). Next, we selected all the voxels of the brain minus the amygdala voxels and created a whole-brain volume not including the amygdala (but including all the other regions correlated with RT) (Table 1) . Next, we extracted amplitude values for the amygdala ROI and the whole-brain volume. Amplitude values of the whole-brain volume were then entered as a single predictor in a regression model with RT as the dependent measure. Next, we entered one of the amygdala ROIs (left or right) as a second predictor into the regression model. We then tested the significance of the ⌬R 2 associated to the addition of the amygdala to the model using a statistical threshold of p Ͻ 0.05. The second hierarchical regression analysis examined whether the amygdala had a significant unique contribution to RT relative to other regions predicting task performance. We identified a network of performance-related regions by clustering together all the voxels predicting RT at p Ͻ 0.001 (Table 1) , except amygdala voxels. Amplitude values of the voxels belonging to the performance-related network were averaged and entered as a single predictor in a regression model with RT as the dependent measure. Next, we entered one of the amygdala ROIs (left or right) as a second predictor into the regression model, and tested the significance of the ⌬R 2 . Follow-up ROI analyses. A follow-up set of ROI analyses were also conducted to test whether the original results could be confirmed (1) on the basis of strict anatomical criteria for amygdala definition, and (2) after controlling for the possible role of affect-related variables. ROIs were created for both the left and right amygdalae on the basis of strict a priori anatomical criteria [i.e., the limits of the proper amygdala as defined in Talairach and Tournoux's atlas (1988) ]. The ROIs extended from 17 to 30 mm lateral to the midline (x), 1 mm anterior to 11 posterior to the anterior commissure ( y), and 7-21 mm below the intercommissural line (z) (Zald, 2003) . For both left and right amygdala ROIs, the time course of the event-related response of all the voxels in the ROI were averaged in a single ROI time course for each experimental condition and for each subject. For each subject, the amplitude of amygdala activity was estimated by subtracting the onset from the peak of the time course, consistent with the principles mentioned above. Pearson correlations were computed between these amygdala activation values and performance scores, using a statistical threshold of p Ͻ 0.05 (two-tailed). Correlations were computed separately for each emotional mood category and for each stimulus content (faces vs words). In addition, pairwise comparisons of the correlation coefficients were performed using the Pearson-Filon modified Z (ZPF) statistic (Raghunathan et al., 1996) (threshold: ZPF ϭ Ϯ1.65; p Ͻ 0.05).
Furthermore, we ran multiple regression analyses to verify whether the effects of amygdala on RT could be explained by confounding emotional and personality variables. We first tested a series of simple regression models in which the amplitude values of either the left or right amygdala ROIs for 3-back task activity were entered alone as regressors and RT as a dependent variable. Regression coefficients were significant for both left and right ROIs (␤ ϭ Ϫ0.48, pϽ.001 and ␤ ϭ Ϫ0.56, pϽ.001, respectively). Next, the regression was retested entering amygdala values in the model simultaneously with one of the potential confounding variables (the POMS scales, the extraversion and neuroticism scales of the Eysenck Personality Questionnaire, and the BIS-BAS scales). Next, t tests compared the simple regression coefficients of the effects of amygdala on RT (when the amygdala is the only regressor in the equation) with the partial coefficients (when a confounding variable is added to the model) to see whether controlling for potential confounds had induced significant changes in the magnitude of the effects of amygdala activity on performance. Further, we also tested correlations between the amygdala and Ravens matrices to examine whether amygdala activity was affected by individual differences in fluid intelligence.
Experiment 2
The primary goal of experiment 2 was to replicate the relationship between the amygdala and improved behavioral performance in a 3-back task using only neutral words and no mood induction. The second experiment was, thus, very similar to the "neutral mood-only words" condition of experiment 1. A secondary goal was to examine whether the amygdala-RT relationship could be moderated by working memory load. The brain activity of 21 participants was then assessed with fMRI, in which they had to perform two versions of the n-back task: a 1-back (low cognitive load) and a 3-back task (high cognitive load).
We predicted that we would replicate the findings of experiment 1 (i.e., a relationship between amygdala activity and improved performance in the 3-back condition). Further, we hypothesized that if the amygdala is specifically involved in WM performance rather than general cognitive performance, correlations with a faster response speed should be specific to the high-load condition. Finally, we hypothesized that if amygdala is truly involved in WM task performance, then the amplitude of its responses should be higher in a high load condition compared with a low load condition.
Participants
Twenty-one right-handed participants with no evidence of neurological compromise participated in this study. Participants were 7 males and 14 females with a mean age of 21.5 years (range, 19 -29 years). Participants gave informed consent per guidelines set by the Washington University Medical Center Human Studies Committee and were paid 25 dollars for each hour of participation.
Behavioral tasks
Participants performed a standard version of the n-back task having only neutral words. There were two different conditions. The 3-back condition was similar to the 3-back task used in the first study. In the 1-back condition, participants had to decide whether the current word matched the word presented in the immediately previous trial (i.e., one trial back). Thus, the WM load was manipulated from the 1-to 3-back conditions. Participants were instructed to respond with their right index finger to targets and with their right middle finger to nontargets. Stimuli were pseudorandom sequences of neutral words (e.g., shirt, wire, ladder, oven, pupil, street, ring, tube, closet). Each block of trials started with an instructional cue lasting for 5 s indicating what task to perform. Following this instructional cue, a block of 36 trials began. Each word was on the screen for 2000 ms and was followed by a variable intertrial interval (500 -13000 ms, distributed exponentially) to allow for estimation of the event-related hemodynamic response. Participants performed between one and four blocks at each level of load.
Functional imaging and data analysis
The scanning and analysis parameters were similar to those of the first study and we describe hereafter parameters that differed. Functional images were acquired using a TR of 2500 ms. Task blocks were 150 s long, whereas fixation blocks were 37.5 s in duration. Each run lasted ϳ7 min (165 whole-brain acquisitions), and a 2 min delay occurred between runs, during which time participants rested. Each whole-brain volume consisted of 18 contiguous 7-mm-thick axial images with 3.75 ϫ 3.75 mm in-plane resolution. Preprocessing was identical to that seen in experiment 1, except that (1) a cubic spline interpolation was used to tem- porally realign scans rather than a sinc function and (2) no smoothing was performed. The same amygdala anatomical ROIs used in experiment 1 were used in experiment 2. The time course of BOLD data were averaged across all voxels in the anatomically defined left and right amygdala ROIs, resulting in two time-series (one each for the 1-back and 3-back conditions). Similar to experiment 1, a GLM was used to estimate the hemodynamic response for each of these average time courses. Different time points were coded within the hemodynamic response epoch, taken to have a 17.5 s duration (seven scan frames). Additionally, two sustained regressors (for the 1-and 3-back conditions) coded the task blocks relative to blocks of fixation (Visscher et al., 2003) . Similar to experiment 1, two nuisance variables for each BOLD run were included: a baseline and linear trend.
A similar approach in the analysis of event-related responses was taken as in experiment 1. To assess the amplitude of event-related amygdala activity, the difference between the peak and the onset of the average estimated hemodynamic response was calculated for all voxels, each condition and each subject, based on psychophysiological signal analysis principles (Stern et al., 2001 ).
Next, a set of correlations was computed between the summarized hemodynamic response of each ROI (for each of the 3-back and 1-back conditions) and RT.
After an outlier analysis, one subject was dropped out of the correlation analysis because it appeared that he was driving a significant portion of the effects (covariance ratio, 2.4; z ϭ 4.00; original correlation between the left amygdala ROI and RT, r ϭ Ϫ0.54). A hierarchical regression testing the unique contribution of the amygdala to RT controlling for wholebrain activity was performed following the same methods used in experiment 1. The statistical threshold was p Ͻ 0.05. We also examined whether the correlation between amygdala activity and RT was moderated by cognitive load by comparing the correlation coefficients between amygdala activity and 3-back RT with the correlation between amygdala activity and 1-back RT using the ZPF statistic. Because a significant moderation effect was found in the left amygdala (see Results), we proceeded to additional analyses to explore this effect. First, we tested the correlation between left amygdala activity in the 3-back and left amygdala activity in the 1-back conditions. Second, we tested the hypothesis that the difference between 3-back and 1-back left amygdala activity would be more important for high performers. We then separated the sample in a group of high performers (H-P) and a group of low performers (L-P). For each subject, a score was created by averaging the standardized RT values of 3-back and 1-back conditions. Next, the two groups were created by computing a median split on this variable. Then, we computed a cognitive load (3-back vs 1-back) by performance (H-P vs L-P) ANOVA, followed by F tests of the load manipulation on amygdala activity separately for H-P and L-P groups. Third, a complementary correlational analysis examined whether the change in amygdala activity from 1-back to 3-back conditions (3-back minus 1-back) could predict RT in both 3-back and 1-back conditions. Outliers of correlation analyses were excluded using the covariance ratio technique described above. In addition, the ANOVA described above was computed on the right amygdala ROI as well. Statistical thresholds were at p Ͻ 0.05.
Results
Experiment 1
Behavioral results Participants had to perform six blocks of the 3-back version of the n-back task. The average of participants' median RT was 915 ms (SD, 113.3). They had a mean accuracy [estimated with the dЈ signal detection parameter (Snodgrass and Corwin, 1988] of dЈ ϭ 2.24 (SD, 0.54), and a mean false alarm rate (FA) ϭ 0.08 (SD, 0.04). In addition, a negative correlation between RT and dЈ was found (r ϭ Ϫ0.29; p ϭ 0.03), as well as a positive correlation between RT and false alarm rate (r ϭ 0.28; p ϭ 0.04), which indicated that there was no speed-accuracy trade-off. In addition, task performance was affected by mood, stimulus content, and personality measures (supplemental Tables 1, 2 , available at www. jneurosci.org as supplemental material), consistent with our previous work (Gray et al., 2002 (Gray et al., , 2005 .
Imaging results Amygdala and task performance.
A whole-brain search for voxels negatively correlated with RT revealed only two significant clusters using a stringent statistical threshold ( p Ͻ 0.05 cluster-level corrected). These clusters correspond to the left and right amygdalae (left peak: x ϭ Ϫ20, y ϭ Ϫ6, z ϭ Ϫ21; right peak: x ϭ 22, y ϭ Ϫ3, z ϭ Ϫ21), indicating that amygdala voxels were the most potent predictors of RT in the 3-back task (Figs. 2, 3) . Next, we conducted the same analysis with a threshold of p Ͻ 0.001 (uncorrected) for exploratory purposes, and found six activation clusters that showed significant negative correlations with RT (Table 1 ). To address potential localization issues caused by spatial smoothing, the same analyses were performed without previous smoothing. With a threshold of p Ͻ 0.001 (uncorrected), voxels negatively correlated with task response time were observed both in the left and right amygdalae (left peak: x ϭ 22, y ϭ Ϫ6, z ϭ Ϫ21; right peak: x ϭ 26, y ϭ 0, z ϭ Ϫ21). In addition, we performed an outlier analysis to verify whether observed correlations were not driven by single subjects. After exclusion of two outliers (covariance ratios, 1.4, 0.81; Z values ϭ 4.2, Ϫ3.0), the peak voxel correlation remained highly significant (r ϭ Ϫ0.60, p Ͻ 0.000001; original correlation: r ϭ Ϫ0.64, p ϭ 0.0000001) (Fig. 3) , indicating that the effects were not driven by single individuals.
Hierarchical regression analyses. The unique contribution of the amygdala to the prediction of RT was highly significant while controlling for whole-brain activity (left: ⌬R 2 ϭ 0.33, p ϭ 0.000006; right: ⌬R 2 ϭ 0.33, p ϭ 0.000004), demonstrating that the observed relationships between the amygdalae and performance could not be explained by a nonspecific relationship between whole-brain activity and performance. In addition, we also found that the unique contribution of the amygdala to RT was significant while controlling for other regions also correlated with task performance (left: ⌬R 2 ϭ 0.08, p ϭ 0.008; right: ⌬R 2 ϭ 0.08, p ϭ 0.009). This result indicates that the amygdala alone has a unique contribution to the prediction of RT above and beyond the contributions of other specific regions found to correlate with RT.
Follow-up ROI analyses. The first ROI analysis tested whether the amygdala-RT relationship generalized beyond stimuli displaying human faces to neutral words. We tested the correlations between amygdala and performance, separately for each category of stimulus contents (words or faces). The correlations between amygdala and RT were significant for both words (left amygdala, r ϭ Ϫ0.40, p ϭ 0.003; right, r ϭ Ϫ0.43, p ϭ 0.001) and faces (left amygdala, r ϭ Ϫ0.35, p ϭ 0.009; right, r ϭ Ϫ0.33, p ϭ 0.016). In addition, the magnitude of the correlations did not differ significantly (ZPF values Ͻ1.65, for both left and right amygdalae), indicating that the relationship between amygdala and response speed was not differentially affected by stimulus type.
The second ROI analysis used the same methods as the first, but focused instead on whether the amygdala-RT relationship generalized beyond conditions in which emotional moods had been induced. The relationship between the amygdala and RT was observed in the neutral mood condition (left amygdala: r ϭ Ϫ0.43, p ϭ 0.001; right: r ϭ Ϫ0.34, p ϭ 0.02), as well as in the emotional conditions separately, positive mood (left amygdala: r ϭ Ϫ0.25, p ϭ 0.06; right: r ϭ Ϫ0.25, p ϭ 0.06) and negative mood (RTs: left amygdala: r ϭ Ϫ0.30, p ϭ 0.03; right: r ϭ Ϫ0.29, p ϭ 0.04). Comparisons of correlation coefficients across mood conditions were nonsignificant (all ZPF values Ͻ1.65), suggesting that the correlations between amygdala and performance were not dependent on the mood manipulation.
In addition, we tested the association between the amygdalae and RT within a critical condition: the condition with neutral mood and word stimuli, thus, without involvement of affectrelated contents or states. The correlation was significant for the left amygdala (r ϭ Ϫ0.45, p ϭ 0.001), but did not reach the significance threshold for the right amygdala (r ϭ Ϫ0.20, p ϭ 0.15), suggesting that the left amygdala activity can predict WM performance independently of the presence of an emotional experimental context.
Third, we examined whether the amygdala-performance correlations could be explained by emotional feelings related to the experimental mood manipulation and assessed through the selfreport POMS (McNair et al., 1971 ) scales administered after each block of task trials. Similar analyses were computed to control for the effects of individual differences in stable affective personality dispositions (extraversion, neuroticism, BIS-BAS). Multiple regressions showed that the effects of the amygdala on performance were not altered by statistically controlling for variability in state affect ratings or personality, as shown in supplemental Tables 1  and 2 (available at www.jneurosci.org as supplemental material). Finally, correlations between amygdala activity and Raven's matrices were nonsignificant (r Ͻ 0.10). Together, these ROI analyses demonstrate that amygdala activity predicts 3-back response speed independently of stimulus contents, induced changes in mood, or individual differences in both affective personality traits and fluid intelligence, using strict a priori anatomical criteria.
Experiment 2 Behavioral results
As expected, the median RTs in the 3-back condition were significantly longer than those in the 1-back condition (1-back, 750 ms; 3-back, 934 ms; t (20) ϭ 8.3; p Ͻ 0.001). Further, the 3-back condition resulted in a greater false alarm rate (1-back, 1% of false alarm errors; 3-back, 6%; t (20) ϭ 7.0; p Ͻ 0.001) and a diminished dЈ signal detection measure (1-back, 3.86; 3-back, 2.52; t (20) ϭ Ϫ11.2; p Ͻ 0.001).
Imaging results
To provide a strong test of replication, we conducted an ROI analysis using the same anatomically defined amygdala ROIs from the first study. A significant negative correlation between the amplitude of left amygdala responses and task RT in the 3-back condition was observed (r ϭ Ϫ0.47; p Ͻ 0.05), replicating experiment 1. Similar to experiment 1, hierarchical regression analyses showed that this relationship could not be explained by a whole-brain correlation with RT (⌬R 2 ϭ 0.22; p ϭ 0.03). Interestingly, the amygdala-RT relationship was specific to the 3-back condition, because the correlation was opposite in sign in the 1-back condition (r ϭ 0.49; p Ͻ 0.05). A comparison of the correlations across conditions confirmed that the relationship between amygdala and RT was significantly moderated by cognitive load (ZPF ϭ 2.71; p ϭ 0.003) (Fig. 4) . To further explore this effect, we proceeded to test whether amygdala activity in one condition could predict activity in the other condition. A significant negative correlation was found between 3-back and 1-back amygdala activity (r ϭ Ϫ0.44; p ϭ 0.05), suggesting that the individuals with the highest amygdala activity in the 3-back were also the individuals with the lowest activity in the 1-back condition.
These results suggest that the tendency to have both high amygdala reactivity in a high-load condition and low amygdala activity in a low-demand condition might be a characteristic predicting better performance. To test this hypothesis, we separated the sample in two groups of high (H-P) and low performers (L-P) (see Materials and Methods) and tested a cognitive load (3-back vs 1-back) by performance (H-P vs L-P) ANOVA. Consistent with the hypothesis, we found an interaction between performance group (H-P vs L-P) and cognitive load (F (1,19) ϭ 4.4; p ϭ 0.05). Simple effects showed that the H-P group had significantly higher activity in the 3-back than in the 1-back condition (F (1,10) ϭ 4.9, p ϭ 0.05), whereas this difference was nonsignificant for the L-P group (F (1,9) ϭ 1.1; p ϭ 0.31), as shown in Figure 5 . The main effects of cognitive load (F Ͻ1) and per-formance group (F (1,19) ϭ 1.3; p ϭ 0.27) were not significant. As an additional confirmation of the hypothesis, we found that individual differences in a score of amygdala increase from 1-back to 3-back conditions strongly predicted RT in both the 3-back (r ϭ Ϫ0.73; p Ͻ 0.001) and 1-back conditions (r ϭ Ϫ0.63, p Ͻ 0.005) (Figure 6 ).
Mirroring the neutral mood-only words condition of experiment 1, the correlation between the right amygdala ROI and RT did not reach the significance threshold but was in the same direction (r ϭ Ϫ0.22), suggesting that the left amygdala is a more reliable predictor of cognitive performance than the right amygdala. However, an ANOVA revealed a significant main effect of cognitive load on right amygdala activity (F (1,19) ϭ 4.4; p ϭ 0.05), and the other effects were not significant (F Ͻ1). This result shows that the group-averaged right amygdala activity was significantly higher in the 3-back compared with the 1-back condition, independently of performance group (Fig. 7) , indicating that the right amygdala is modulated by cognitive load, but is less sensitive than the left amygdala to interindividual variability in cognitive performance.
In conclusion, we replicated a significant negative correlation between variation in left amygdala activity and RT in a 3-back working memory task involving only neutral words without mood manipulation, using the same anatomical ROIs used in the first study. Further, we found that this relationship was specific to a high WM load. Further, we found evidence suggesting that a tendency to have both high amygdala activity in the 3-back and low amygdala activity in the 1-back condition predicted an improvement of performance in both conditions. Finally, we found evidence suggesting a lateralization of the sensitivity of the amygdala to individual differences in cognitive performance.
Discussion
In two independent samples, individual differences in eventrelated amygdala activity were significantly related to the speed of task performance in a 3-back WM task. Individuals with stronger amygdala responses (i.e., greater signal change) tended to have the fastest 3-back response times. In addition, we found no evidence that the relationship between amygdala activity and RT was contingent on affect-related variables often associated with amygdala activity (face stimuli, emotional states, and personality traits). Conversely, we did find that the correlation between the amygdala and RT varied with respect to a cognitive variable, WM load. Specifically, the amplitude of left amygdala responses was associated with improved performance in the high WM load 3-back condition, whereas it was associated with worse performance in the low WM load 1-back condition.
Our findings are counterintuitive because they show that a brain structure widely thought to be involved primarily in emotion processing is also involved in a WM task independently of affect-related variables. Further, the effect sizes and the replication suggest that these results are robust and generalize to the population of healthy adults from which the sample of participants was drawn. These findings do not challenge the notion of the involvement of the amygdala in emotional processing. They argue instead for the need of a comprehensive account of amygdala function that integrates the well established sensitivity of the amygdala to emotional stimuli with the current and other extant data showing its facilitating role in higher cognition.
To speculate, one possible explanation is based on the fact that the 3-back task is a challenging, difficult task because it is demanding in processing resources, as are most tasks recruiting executive control. We hypothesize, as have others, that the amygdala may serve a general vigilance function (Davis and Whalen, 2001 ) aimed at preparing the organism to better cope with such challenging situations. The vigilance response of the amygdala could take the form of phasic neuromodulatory signals projected to cognitive, motor, and/or autonomic nervous systems during a situation demanding an unusual addition of metabolic resources, such as a situation of physical threat or a complex mental task. More particularly, signals sent to neocortical areas might enhance attentional processing of environmental stimuli, which has an obvious adaptive value during challenging situations. This attentional enhancement might be either nonspecific, facilitating the processing of all incoming stimuli, or selective, facilitating only goal-relevant stimuli (i.e., stimuli carrying information important to resolve the current challenge). It is noteworthy that goal processing is a fundamental component of both emotion (Frijda, 1986; Scherer, 2001 ) and executive control (Anderson, 1983; Braver and Cohen, 2000) . The vigilance response to motivationally relevant information may be the core basis of most emotional and stress responses, preparing the organism to cope with challenging situations. Accordingly, it can be speculated that the difficulty of 3-back trials in our experiments triggered subtle "stress" responses to task stimuli leading to a modulation of attentional functions by the amygdala.
This explanation is consistent with results suggesting that the amygdala modulates brain systems linked to higher cognition. For instance, several studies indicate that the amygdala has anatomical and neurochemical properties making it particularly suitable to modulate higher cognitive functions (Emery and Amaral, 2000; Davis and Whalen, 2001; Ghashghaei and Barbas, 2002) . In addition, numerous studies have found evidence that the amygdala modulates cognition in the case of the emotional enhancement of long-term memory (Hamann et al., 1997 (Hamann et al., , 1999 Philippot and Schaefer, 2001; Smith et al., 2005 Smith et al., , 2006 LaBar and Cabeza, 2006) .
The results of experiment 2 also revealed that amygdala activity was not only related to faster RT in the 3-back condition but also to slower RT in the 1-back condition. Additional analyses indicated that individuals whose amygdala activity was both augmented in the 3-back and dampened in the 1-back condition had a better performance in both conditions. This result tentatively suggests that the amygdala does not have a linear effect on cognition. Instead, the modulation of cognitive systems by the amygdala may be beneficial for challenging situations, but detrimental to low-demand tasks. This interpretation is consistent with findings indicating that the effects of neurotransmitters associated with the amygdala (dopamine and noradrenaline) on cognition are not linear (Barch, 2004) . It is also consistent with the classical idea that the optimal level of biological energy necessary to cognitive performance depends on the specific demands of the task (Humphreys and Revelle, 1984) .
In addition to the amygdala, our results also revealed other brain structures associated with 3-back behavioral performance, detailed in Table 1 . This network of regions is somewhat different from that observed in a previous study of brain-behavior relationships in WM (Pessoa et al., 2002b) , that identified performance correlations in regions such as the inferior frontal gyrus, frontal eye fields, and parietal regions. The difference with our results is probably caused by multiple factors, such as the absence of a strong "updating" component and the stronger demand on fine-grained perceptual processing in the task used by Pessoa et al (2002b) . In addition, Pessoa et al. (2002b) adopted a withinsubjects approach to brain-behavior relationships, which can potentially lead to different results than a between-subjects approach (Braver and Ruge, 2006) . Nonetheless, there are also clear convergences between Pessoa et al. (2002b) and our results, such as relationships between performance and both the insula and the Brodmann's area (BA)6/BA8 area. Specifically, the convergence of a BA6 activation across both studies may reflect a common WM storage component, which is consistent with previous studies (Smith and Jonides, 1999; Lau et al., 2004; Owen et al., 2005; Braver and Ruge, 2006 ).
An alternative view of our results stems from previous studies showing a signal decrease in the amygdala during tasks requiring cognitive effort (Shulman et al., 1997; Gusnard et al., 2001 ). According to this view, the correlation between performance and left amygdala activity in the 3-back task might be the result of an attenuated decrease of amygdala activity in high-performers, because the task would be easier for them. Because experiment 2 included an easy low-load condition (1-back), it enabled us to test a critical prediction deriving from this alternative explanation: compared with the easy (1-back) condition, amygdala activity in the difficult (3-back) condition should significantly decrease for low-performers, and decrease or stay equal (but not increase) for high-performers. In the left amygdala, we found no significant difference in amygdala activity for low performers, and a significant increase of amygdala activity in the 3-back compared with the 1-back condition in high performers, which makes the alternative explanation unlikely. Higher activity in the 3-back compared with the 1-back condition was also found in the right amygdala, which further contradicts the view that 3-back activity in the amygdala would be a decrease relative to an easier condition. This apparent contradiction with the findings mentioned above is probably caused by the fact that they used block-related activity, whereas we used event-related activity. To address this issue, we reanalyzed our data using block-related activity. Using an ROI analysis, we found a significant decrease in blocked left amygdala activity in the 3-back compared with the 1-back condition (t ϭ 3.0; p ϭ 0.007), thus consistent with previous research using block-related activity. This is consistent with previous findings suggesting that phasic and temporally sustained brain activity can reflect different functional properties (Donaldson et al., 2001; Braver et al., 2003) .
Together, our results point to several questions for future research. First, our results argue for a more comprehensive understanding of the functions of the human amygdala. In particular, the amygdala may subserve motivational functions that are deeper, but common to both emotion and higher cognition. Vigilance and the detection of goal-relevance seem to be serious candidates. Second, future research might determine whether different subdivisions of the amygdala (e.g., dorsal and ventral amygdalae) (Davis and Whalen, 2001 ) play specific roles in the modulation of higher cognition. Third, our results suggest that both left and right amygdalae are affected by a within-subjects manipulation of cognitive load, but the left amygdala may be a more sensitive predictor of interindividual differences in WM performance. These findings argue for the need of additional research to better understand the role of lateral differences of the amygdala in higher cognition.
In summary, our findings show that individuals who have high levels of amygdala BOLD signal during a difficult working memory task are also the ones who perform better, across two different samples of human subjects. This effect was independent of task content, as well as of any overt emotional factor, whereas it was significantly moderated by cognitive load: the relationship between higher amygdala activity and faster RT was specific to a condition with high cognitive load. Further, they show that the amplitude of amygdala responses is higher in a high-load condition than a low-load WM condition. These results argue for a more comprehensive account of the functions of the human amygdala, integrating data from its involvement in both emotion and higher cognition.
